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Metal-organic framework (MOF) 1-4 chemistry offers a bottom-up approach to the synthesis of new heterogeneous catalysts. [5] [6] [7] These crystalline, porous materials are composed of organic linkers with inorganic nodes. They offer almost endless synthetic tunability, the potential for large porosities, [8] [9] [10] and the prospect of well-defined, readily accessible catalytic sites. New catalytic MOFs can be synthesized: (a) de novo, (b) via post-synthetic modification of existing MOFs, or (c) solvent-assisted linker exchange, or other building-block-replacement chemistry. [11] [12] [13] [14] [15] There are two general approaches to engendering catalytic responses from MOFs: one is to incorporate a catalytic site into the linkers of the MOF, 11, 16, 17 while the other is to take advantage of open (or labile) metal-ion-coordination sites present at inorganic nodes-either by design or as a consequence of MOF structural defects such as missing linkers. 18, 19 Recently, we reported a Hf 6 based analogue of NU-1000, 20 Hf-NU-1000. 21 This MOF consists of eight-coordinate Hf atoms in a Hf 6 cluster, Hf 6 (µ 3 -O) 4 (µ 3 -OH) 4 (OH) 4 (OH 2 ) 4 , linked to other clusters by 1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy 4− ). Together they define a 3-dimensional coordination polymer featuring large (ca. 31 Å diameter), one-dimensional channels (Figure 1 ). The combination of Brønsted acidic sites in conjunction with high surface area and large pore apertures led us to investigate Hf-NU-1000 as an acid catalyst for the cycloaddition of carbon dioxide to epoxides. The regioselective and enantioretentive epoxide activation in a solvolytic opening of epoxides with trimethylsilyl azide and methanol was also investigated. These reactions proceeded in high yield and with excellent regioselectivity regioselectivity. 21 Ring-opening of epoxides with hydrides is one of the most fundamental reactions in organic chemistry and generally proceeds via an S N 2 type mechanism. 22 In the case of asymmetric molecules, hydride attack typically occurs at the most sterically accessible site to form the Markovnikov a Authors to whom correspondence should be addressed. Electronic addresses: j-hupp@northwestern.edu and o-farha@northwestern.edu
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Stephenson et al. product. [23] [24] [25] Anti-Markovnikov products of epoxide ring-opening, such as primary alcohols, are critical to the chemical and pharmaceutical industry and significant effort has gone into developing reagents and methodologies to obtain regioselective products. 22 With metal hydrides, Lewis acids, such as transition-metals, 26 AlCl 3 , 27 or BH 3 , 28 are added to the reaction to shift regioselectivity to the anti-Markovnikov product. While extremely effective, these reagents are added in stoichiometric amounts and, in most cases, lack functional-group tolerance.
Since Hf-NU-1000 acted as such a remarkable catalyst for regioselective ring-openings of epoxides with other mentioned nucleophiles, 21 we sought to use Hf-NU-1000 as a catalyst to ring-open epoxides with hydrides to form 1 • alcohols. Since a strong hydride would preferentially react with the acidic protons on the Hf 6 node, a mild hydride reagent is needed to prevent non-productive formation of hydrogen. Unlike other more reactive hydrides, cyanoborohydride is stable in water at pH 7 and above, but is unreactive toward epoxides. 29 Indeed, ring-opening of epoxides with cyanoborohydride has been carried out at low pHs (pH 3-4), by the addition of BF 3 · etherate, 30 31 or by carrying out the reaction in neat acetic acid. 32 Therefore, sodium cyanoborohydride was selected as our hydride source for the ring-opening of styrene oxide. Combining four equivalents of sodium cyanoborohydride with styrene oxide at room temperature in the presence of a catalytic amount (10 mol. %) of Hf-NU-1000 produces the anti-Markovnikov product, 2-phenylenthanol, in 60% yield with over 98% selectivity (Table I , entry 1). (See Figure 2 for a proposed mechanism.) In the absence of Hf-NU-1000, no product was obtained (Table I, entry 2) indicating that Hf-NU-1000 is a necessary component of the reaction. The catalyst was reused three times without decrease in activity or loss of crystallinity as shown by powder X-ray diffraction (PXRD) measurements ( Figure S6 ). 33 To gauge the importance of the Brønsted acid sites in this reaction, we also investigated a dehydrated form of SCHEME A dramatic loss in both yield and selectivity occurred when the reaction was carried out in refluxing tetrahydrofuran (Table I, atmosphere, a J. Young NMR tube was loaded with Hf-NU-1000 and sodium cyanoborohydride. Tetrahydrofuran-d 4 was added, and the NMR tube was agitated to facilitate mixing and was left to stand for 24 h. A NMR spectrum was recorded ( Figure S2 ) and a small peak was observed at δ = 4.53 ppm which corresponds to molecular hydrogen. The same sample was heated for 24 h at 60 • C and another NMR spectrum was recorded using the same parameters as the room temperature spectrum. The relative peak integration at δ = 4.53 ppm is larger at elevated temperature which supports our hypothesis that deprotonation of Hf-NU-1000 occurs at elevated temperatures.
We also investigated the ring-opening of propylene oxide (Table I , entries 5 and 6). A yield similar to that for styrene oxide was obtained for propylene oxide, but the regioselectivity of the reaction was reversed, with 2-propanol as the only product. Based on literature precedent 30 and our results with styrene oxide, we expected instead to see 1-propanol as the dominant product. This is an intriguing result since cyanoborohydride is generally unreactive to epoxides; Hf-NU-1000 clearly is required for the ring opening to occur. Identification and validation of the mechanism responsible for exclusive formation of 2-propanol is a focus of ongoing work.
In conclusion, Hf-NU-1000 serves as a catalyst for ring-opening epoxides with sodium cyanoborohydride. Although the product yields are modest, the regioselectivities obtained for both substrates are excellent. Hf-coordinated Brønsted acid groups appear to be important to the catalytic function of Hf-NU-1000, as a dehydrated version of the MOF is ineffective as a catalyst. Hf-NU-1000 is reusable as a catalyst for ring-opening, with no loss of activity and no evidence for structural deterioration after three cycles of reuse. These promising results warrant further investigation of MOFs as catalysts for hydride based ring-opening reactions and related reactions. 
